A therosclerosis is a chronic inflammatory condition of the arterial wall, 1 and associated complications, such as coronary artery disease, myocardial infarction, and stroke, remain the leading cause of mortality and disability worldwide. 2, 3 Vascular inflammation is driven by lipid deposition in the arterial wall, which induces endothelial cell activation followed by leukocyte adhesion and trafficking across the endothelial barrier, leading to the accumulation of effector immune cells in the arterial wall. 4 Experiments in mouse models of atherosclerosis have emphasized the importance of monocyte recruitment to the developing plaques. 5 Murine monocytes can be divided into 2 distinct subsets, namely classical Ly6c high monocytes, expressing CCR2 high CX3CR1 low , and nonclassical Ly6c low monocytes, expressing CCR2 low CX3CR1 high chemokine receptors. [6] [7] [8] Overwhelming evidence shows that recruitment of monocytes to the vessel wall is an early step in the formation of atherosclerotic lesions. Cytokine-mediated activation of endothelial cells at atherosclerotic lesion-prone sites leads to the upregulation of cell adhesion molecules and chemokines, which mediate the recruitment of circulating monocytes. 6, 7 Among adhesion molecules, P-selectin, vascular cell adhesion molecule-1 (VCAM-1), and intercellular adhesion molecule-1 were demonstrated to be important in atherosclerotic lesion development. In particular, VCAM-1 together with its ligand very late antigen-4 (VLA-4; also known as α4β1 integrin) expressed on monocytes is thought to be the major axis mediating rolling and firm adhesion of monocytes to inflamed endothelium and initiation of atherosclerosis. 9 Regarding the role of chemokines in atherosclerosis development, additive reduction of atherosclerosis by combined deficiency in C-C chemokine ligand 2 (CCL2), CX3CR1, and inhibition of CCR5 has highlighted the importance and coordinated roles of these molecules in the trafficking of monocyte subsets to atherosclerotic plaques. 10 Ly6c high monocytes were shown to be recruited into arterial lesions through the CCR2, CCR5, and CX3CR1 chemokine receptors. 6 However, a more recent study suggested that CCR1 and CCR5 but not CCR2 and CX3CR1 are important for Ly6c high cell recruitment into atherosclerotic plaques. 11 Furthermore, CCR5 was shown to be important for recruitment of Ly6c low monocytes into the plaques, 6 whereas the chemokine receptor CX3CR1 regulated their survival. 12 Cas-and Hef1-associated signal transducer hematopoietic isoform (Chat-H) is the hematopoietic cell-specific isoform of the ubiquitously expressed Chat protein (also known as SHEP1 and NSP3) encoded by the sh2d3c gene. These molecules belong to the NSP protein scaffolds that mediate protein-protein interactions through conserved modular domains. 13 Their structural features include an amino-terminal SH2 domain that binds to phosphorylated tyrosine residues, followed by a proline/serine-rich region, and a carboxyl-terminal domain with homology to CDC25-related guanine nucleotide exchange factors, which promote guanine nucleotide exchange on Ras family GTPases. However, the corresponding domain on Chat-H seems to lack enzymatic activity. 14 Chat-H and Chat are identical except for a unique N-terminal 180 amino acid sequence that is present on Chat-H. Chat-H was cloned as a protein that positively regulated T-cell receptor signaling and interleukin (IL)-2 production in T cells, 15 whereas Chat was shown to mediate penetration of olfactory sensory axons into the forebrain. 16 Recent evidence has shown that NSP family members exhibit signaling function affecting chemokine-mediated migration and integrin-dependent adhesion. Using RNA interference technology, we previously showed that Chat-H regulated chemokine-induced T cell migration and adhesion in an in vitro culture system. 17 More recently, Chat-H was shown to regulate marginal zone B cell formation by promoting their migration to the sphingosine-1 phosphate sphingolipid, a critical factor for retention of B cells in the marginal zone. 18, 19 As a consequence, Chat-H −/− mice exhibited a drastic reduction in the number of marginal zone B cells which associated with impaired B cell responses to T-independent antigens but normal B cell responses to T-dependent antigens. 15 Although these studies brought new insights into the role of Chat-H in chemokine-induced leukocyte migration, the function of Chat-H during inflammatory immune responses remains unclear.
Given its role in cell migration and adhesion and the importance of these processes in leukocyte recruitment to atherosclerotic plaques, we sought to determine whether Chat-H contributed to the development of atherosclerosis. We found that conditional deletion of Chat-H expression in all hematopoietic cells or in myeloid cells resulted in reduced atherosclerotic lesions in mice deficient in the low-density lipoprotein receptor (Ldlr −/− ). Chat-H deficiency resulted in reduced monocyte recruitment to atherosclerotic plaques, which correlated with defective adhesion of Chat-H-deficient monocytes to VCAM-1, whereas their migration to chemokine stimulation in vitro was intact. Within the myeloid lineage, Chat-H expression was detected in monocytes but not neutrophils, and consequently, neutrophil adhesion and recruitment to the plaques was not inhibited in the absence of Chat-H. Together, our findings reveal that Chat-H is an important regulator of monocytes during atherosclerosis development and identify Chat-H as a novel target for pharmacological intervention to reduce atherosclerosis by disrupting monocyte recruitment to the lesions.
Materials and Methods
Materials and Methods are available in the online-only Data Supplement.
Results

Chat-H Deficiency Reduces Atherosclerosis Development in Ldlr −/− /Chat-H −/− Chimeric Mice
To study the function of Chat-H in vivo, we generated mice with a floxed sh2d3c (Chat) locus (Chat fl/fl ), which allowed conditional deletion of exon 6 of the Chat locus in different cell lineages ( Figure IA . Similarly, quantification of monocyte subsets and neutrophils did not reveal any significant differences in the BM, spleen, or blood of control (Ctr) and Chat-H −/− mice at the steady state ( Figure  IID and IIE in the online-only Data Supplement), suggesting that Chat-H does not regulate the development and homeostatic migration of these cells.
Atherosclerosis development involves adhesion on the activated endothelium and chemokine-driven leukocyte migration into the plaques. Because Chat-H was reported to be important for cell migration toward a chemokine gradient and integrin-mediated adhesion, 17, 18 we hypothesized that Chat-H was important for recruitment of leukocytes to atherosclerotic plaques. To test this hypothesis, we reconstituted lethally irradiated Ldlr −/− mice with Ctr or Chat-H −/− BM (Ctr→Ldlr −/− and Chat-H −/− →Ldlr −/− ). After 4 weeks of recovery, mice were fed a high-fat diet for 10 weeks to promote atherosclerosis development. Successful Chat-H deletion in chimeric Ldlr −/− mice was confirmed by immunoblot analysis of total splenocytes ( Figure 1A ). Oil Red O staining of aortic root sections ( Figure 1B ) and quantification of lesions ( Figure 1C and 1D) revealed a significant reduction in the size of atherosclerotic plaques over a distance of 420 μm within the aortic valve area in Chat-H −/− →Ldlr −/− compared with Ctr→Ldlr −/− mice. The reduction of atherosclerosis was independent of body weight (data not shown), and circulating total cholesterol levels were similar in Ctr→Ldlr −/− (612.2±32.62 mg/dL, n=17) versus Chat-H −/− →Ldlr −/− (571.0±29.49, n=16; P=0.35) mice. We next examined the impact of Chat-H deficiency on the composition of atherosclerotic plaques. The absence of Chat-H resulted in reduced presence of monocyte/macrophages within the plaques shown by decreased Moma-2 staining ( Figure 2A ) and reduced absolute numbers of β-actin + smooth muscle cells ( Figure 2B ) in the aortic sinus. Furthermore, Chat-H deficiency in Ldlr −/− mice associated with reduced numbers of T cells per aortic sinus section ( Figure 2C ), whereas Ly6G + neutrophils were found scattered in similar numbers in the atherosclerotic lesions of both groups of mice ( Figure IIIA in the online-only Data Supplement). Macrophage retention in the intima contributes to changes in plaque morphology, particularly the formation of necrotic cores. Quantification of the acellular areas in the lesions using Masson trichrome staining revealed reduced necrotic cores in atherosclerotic plaques from Chat-H −/− →Ldlr −/− when compared with Ctr→Ldlr −/− mice ( Figure 2D ). Using the Stary method to assess plaque complexity 20,21 and consistent with the above histological observations, we found that Ctr→Ldlr −/− mice had more advanced atherosclerosis, shown by a greater proportion of stage 4 complex lesions, whereas Chat-H −/− →Ldlr −/− plaques appeared less progressed (stage 1-3; Figure 2E ). These results suggest that Chat-H regulates the development of atherosclerotic lesions and identify it as a novel, positive regulator of atherogenesis.
Chat-H Deficiency Does Not Affect Macrophage Survival and Proliferation
Besides recruitment, leukocyte apoptosis and macrophage proliferation were shown to dictate the occurrence of inflammatory cells in atherosclerotic lesions. 22, 23 The reduced necrotic core in atherosclerotic lesions of Chat-H −/− →Ldlr −/− mice associated with a decrease in the number of lesional apoptotic cells, identified by TUNEL (terminal deoxynucleotidyl transferase dUTP nick-end labeling) staining ( Figure 3A ), when compared with the lesions in Ctr→Ldlr −/− mice. However, thioglycolateinduced peritoneal macrophages from Ctr or Chat-H −/− mice (>75% F4/80 + ; Figure IIIB in the online-only Data Supplement) exhibited similar frequency of apoptosis in the absence or presence of serum, regardless of Chat-H expression ( Figure IIIC in the online-only Data Supplement). This suggests that the reduction in TUNEL + cells in the plaques was likely because of the reduction of the necrotic core rather than increased susceptibility to apoptosis of Chat-H-deficient leukocytes.
In addition to apoptosis, we also examined how Chat-H deficiency affected the proliferation of macrophages in Ctr→Ldlr −/− and Chat-H −/− →Ldlr −/− mice because intraplaque proliferation of macrophages was shown to associate with the maintenance of the macrophage burden in advanced atherosclerosis. 23 Staining of aortic sinus sections with the macrophage-specific marker CD68 and the proliferation marker Ki-67 revealed a significant reduction in the proportion of intraplaque CD68 + macrophages expressing Ki67 in the Chat-H −/− →Ldlr −/− group when compared with Ctr→Ldlr −/− mice ( Figure 3B ). Similar to apoptotic cells, we think that the reduction in CD68 + Ki-67 + macrophages in Chat-H −/− →Ldlr −/− mice was likely because of the reduced plaque size and complexity in the absence of Chat-H expression ( Figure 1C , 1D, and 2E). This was supported by a significant correlation between the lesion size in the aortic sinus and the percentage of CD68 + macrophages in the plaques expressing Ki67 ( Figure 3C ), when considering Ctr→Ldlr −/− only (r=0.82; P<0.0001) versus Ctr→Ldlr −/− and Chat-H −/− →Ldlr −/− together (r=0.62; P<0.0001). Consistent with this, macrophages recovered from the peritoneum of Ctr or Chat-H −/− mice 4 days after thioglycolate injection exhibited similar levels of Ki-67 (data not shown) and similar proliferation when stimulated in vitro with lipopolysaccharide, oxidized low-density lipoprotein, or the supernatant of cultured murine L929 cells containing macrophage colony-stimulating factor ( Figure IIID in the online-only Data Supplement). 24, 25 Together, these results suggest that Chat-H controls plaque formation through the recruitment of leukocytes to the plaques and not their proliferation and survival.
Chat-H Controls Leukocyte Recruitment to Atherosclerotic Plaques
We next quantified the inflammatory infiltrates in cell suspensions from the aortas of chimeric Ldlr −/− mice by flow cytometry. Consistent with the decreased numbers of leukocytes in the plaques of Chat-H −/− →Ldlr −/− mice (Figure 2 ), we found a decrease in CD45 + total leukocyte numbers in the absence of Chat-H, which associated with reduced numbers of CD11b + , F4/80 + , B220 + B cells, and CD3 + T cells compared with the controls ( Figure 4A ). In addition, further analysis of the aortic infiltrates using a lineage negative cocktail to exclude erythrocytes, lymphocytes, macrophages, and dendritic cells showed significantly reduced numbers of Ly6c high and Ly6c low monocytes in the absence of Chat-H ( Figure 4B ), whereas the number of neutrophils was increased in the aortas of Chat-H −/− →Ldlr −/− compared with Ctr→Ldlr −/− mice ( Figure 4B ). The neutrophil increase was consistent with the earlier stages of atherosclerosis observed in Chat-H −/− →Ldlr −/− versus Ctr→Ldlr −/− mice (reduced plaque complexity; Figure 2E ) and previous evidence that neutrophils predominantly infiltrate the aortas during the early stage of atherosclerosis development. 26 Quantitative polymerase chain reaction analysis of different molecules in the aortas of chimeric Ldlr −/− /Chat-H −/− mice revealed a significant reduction in the proatherogenic cytokine IL-1β and T cell-associated cytokines IL-17a with a downward trend in interferon-γ production when Chat-H was absent ( Figure 4C ). This effect was the result of lower numbers of immune cells in the vessel wall rather than impaired cytokine production by Chat-H −/− cells because similar production of pro-IL-1β by monocytes ( Figure IVA Beside the reduction in IL-1β, we did not observe a significant change in the relative expression of genes associated with classically activated (M1) macrophages (tumor necrosis factor, IL-18, inducible nitric oxide synthase) compared with alternatively activated (M2) macrophages (transformimg growth factor-β, IL-10, Arginase 1, Ym1, and Fizz1) in the aortas of Ctr versus Chat-H −/− mice ( Figure 4C ), suggesting that Chat-H does not control macrophage polarization. 27 In addition, expression of adhesion molecules, such as VCAM-1 and intercellular adhesion molecule-1, which regulate monocyte recruitment to the plaques, 28 was similar between Ctr→Ldlr −/− and Chat-H −/− →Ldlr −/− mice. Circulating monocyte numbers directly correlate with atherosclerotic lesion development in mice 10, 29 and the incidence of coronary heart disease or cardiovascular events in humans. 30 Surprisingly, the reduced plaque formation (Figure 1B-1D ) and aortic monocyte inflammatory infiltrates ( Figure 4A and 4B) observed in the absence of Chat-H associated with a significant increase in circulating Ly6c high and Ly6c low monocyte subsets ( Figure 4D ), whereas monocyte numbers in the BM and spleen and neutrophils in the BM, blood, and spleen were similar between Chat-H −/− →Ldlr −/− and Ctr→Ldlr −/− mice ( Figure IVC and D in the online-only Data Supplement).
Specific Chat-H Deficiency in Myeloid Cells Decreases Atherosclerosis Development
Given the reduction in monocyte/macrophage numbers in atherosclerotic lesions in the absence of Chat-H and because monocyte-derived macrophages are key drivers of the atherogenic process, we wondered whether specific deletion of Chat-H in the myeloid cell lineage can provide atheroprotection. We granulocytes. Specific Chat-H deletion in Chat fl/fl LysM cre mice was confirmed by immunoblotting in thioglycolateelicited peritoneal macrophages, which were compared with total splenocytes that still expressed Chat-H ( Figure VA in the online-only Data Supplement). We next reconstituted lethally irradiated Ldlr −/− mice with either LysM cre or Chat fl/ fl LysM cre BM (LysM cre →Ldlr −/− and Chat fl/fl LysM cre →Ldlr −/− ), and animals were fed high-fat diet for 10 weeks after 4 weeks of recovery. Deficiency of Chat-H in myeloid cells also provided an atheroprotective effect ( Figure 5A-5C ), independently of animal weight or total cholesterol levels ( Figure  VB and VC in the online-only Data Supplement). As anticipated, the relative transcript level of the macrophage-specific marker CD68 in the aortas was significantly reduced in Chat fl/ fl LysM cre →Ldlr −/− when compared with LysM cre →Ldlr −/− mice ( Figure 5D ), confirming a lower infiltration of monocyte/ macrophages in atherosclerosis-prone vessels. Finally, consistent with the increase in circulating monocytes in mice with Vav-Cre-mediated deletion of Chat-H ( Figure 4D ), myeloidspecific deletion of Chat-H also led to an enlarged population of circulating monocytes ( Figure VD in the online-only Data Supplement). These data support a critical role for Chat-H in monocyte/macrophage recruitment during atherogenesis.
Chat-H Controls Monocyte Adhesion but Not Chemokine-Induced Monocyte Migration
Atherosclerosis is a chronic inflammatory disease characterized by accumulation of leukocytes into the inflamed arterial wall consisting primarily of macrophages. Existing evidence overwhelmingly suggests that monocyte adhesion to the activated endothelium and chemokine-dependent trafficking of circulating Ly6c high and, to a lesser extent, Ly6c low monocytes to the intima dictates phagocyte accumulation in the plaques. 6, 29, 31 Under the inflammatory conditions associated with atherosclerosis, adhesion of monocytes to the activated endothelium is mediated by the integrin VLA-4 expressed on monocytes binding to the adhesion molecule VCAM-1 expressed on the endothelial wall. 28 Because Ly6c high and Ly6c low monocytes were both previously shown to invade atherosclerotic plaques 6, 32 and we found reduced numbers of these monocytes in the aorta of Chat-H −/− →Ldlr −/− chimeric mice, we examined if Chat-H was expressed in and whether it controlled the adhesion and migration of either or both of these monocyte subsets. Fractionation of splenic monocytes into Ly6c high and Ly6c low subsets revealed that although Chat-H was enriched in Ly6c low monocytes, it was also detected in Ly6c high cells ( Figure VIA in the online-only Data Supplement). In vitro assays revealed that unstimulated Chat-H-deficient Ly6c high and Ly6c low monocytes exhibited impaired adhesion to immobilized VCAM-1/Fc chimera ( Figure 6A ). CCL3 chemokine stimulation of Ly6c high monocytes had no further effect on VCAM-1-mediated adhesion compared with unstimulated cells, and the adhesion was again inhibited by Chat-H deficiency or by the addition of a blocking antibody ( Figure VIB in the online-only Data supplement) that disrupts binding of VLA-4 to VCAM-1. Similar results were obtained with CCL3-stimulated adhesion of Ly6c low monocytes ( Figure  IID in the online-only Data Supplement), although the number of cells used for the different conditions in these experiments was very small (compared with Figure 6A ) because of the lower abundance of Ly6c low compared with Ly6c high monocytes. Flow cytometric analysis revealed that Chat-H deficiency did not affect the expression of VLA-4 on both monocyte subsets neither at steady state ( Figure VIC in the online-only Data Supplement) nor in the hypercholesterolemic Chat-H −/− →Ldlr −/− chimeric mice (data not shown).
Beside clear evidence that monocyte adhesion to the activated endothelium triggers monocyte infiltration in atherosclerotic lesions, chemokines and their corresponding receptors are key players in monocyte extravasation and trafficking to inflamed tissues. Previous studies suggested that chemotaxis mediated through CCR2, CX3CR1, and CCR5 represents a crucial step in the recruitment of monocytes to the intima, 6,10 whereas a recent study proposed that CCR1 and CCR5, but not CCR2 or CX3CR1, mediate this process. 11 We, therefore, tested whether Chat-H deficiency affected the migration of monocytes in response to chemokine stimulation in transwell plates. The in vitro migration of both Ly6c high and Ly6c low monocytes in response to CCL3 (a CCR1 and CCR5 ligand) or CX3CL1 stimulation was increased compared with medium alone and normal in the absence of Chat-H ( Figure 6B) . Similarly, Chat-H deficiency did not inhibit the in vitro monocyte migration induced by the CCR2 ligand CCL2 (data not shown). Given the undetectable Chat-H expression in neutrophils, Chat-H deficiency had no effect on neutrophil adhesion to VCAM-1 or migration in response to CCL3 ( Figure VID and VIE in the online-only Data Supplement), suggesting that within the myeloid lineage, Chat-H specifically regulates the recruitment of monocytes to atherosclerotic plaques by modulating their adhesion to VCAM-1.
To further examine if Chat-H deficiency affected monocyte recruitment to atherosclerotic plaques in vivo, we used a monocyte-tracking technique in which monocytes are labeled with fluorescent beads so that their migration into plaques can be monitored. 6 The efficiency of bead labeling was similar in circulating monocytes of both groups 24 hours after injection but with much higher bead incorporation in Ly6c low versus Ly6c high monocytes ( Figure VF in the online-only Data Supplement). Analysis of Ctr→Ldlr −/− and Chat-H −/− →Ldlr −/− mice 72 hours after the injection of labeled beads revealed a significantly lower number of labeled macrophages in the aorta ( Figure 6C ) and aortic sinus ( Figure 6D ) of Chat-H −/− →Ldlr −/− mice compared with the control group. Consistent with these results, we also found that Chat-H similarly regulated the peritoneal recruitment of adoptively transferred, CFSElabeled Ly6c high and Ly6c low monocytes after infection with Listeria monocytogenes. Indeed, Chat-H deficiency reduced the numbers of both monocyte subsets 24 hours after infection (data not shown). Collectively, these findings suggest that Chat-H controls the recruitment of monocytes to the plaques by regulating VLA-4-dependent adhesion to the endothelial wall. In contrast, Chat-H appears to be dispensable for chemokine-stimulated monocyte migration and within the myeloid lineage to selectively regulate monocyte but not neutrophil recruitment during atherogenesis.
Discussion
Monocytes and macrophages are the most abundant leukocytes found in atherosclerotic lesions from humans and animal models and are involved in all disease steps, from atherosclerosis initiation, to progression, to unstable plaques. 21, 33 Despite recent advances in our knowledge regarding monocyte heterogeneity and their specific role in atherosclerosis, currently none of the existing drugs directly target the inflammation associated with atherosclerosis. 34 Here we identified a novel regulator of atherosclerosis and made several observations regarding the role of the adaptor protein Chat-H in atherosclerosis development and monocyte biology. First, we showed that Chat-H is a positive regulator of atherosclerotic plaque formation. Second, Chat-H regulates atherosclerosis development through monocyte recruitment to the plaques. Third, Chat-H is essential for both Ly6c high and Ly6c low monocyte adhesion to VCAM-1, but dispensable for chemokine-induced monocyte migration. Finally, within the myeloid lineage, Chat-H is preferentially expressed in monocytes and Chat-H deficiency does not affect neutrophil function. The selective targeting of the monocyte population by Chat-H in atherosclerosis development renders it an attractive target for developing therapeutic approaches to inhibit this disease.
Ly6c high and Ly6c low monocytes accumulate in atherosclerotic plaques, 6, 32 and previous studies suggested that both subsets provide an additive contribution to atherosclerosis development. 6, 10 However, because macrophages in the plaques are mainly derived from inflammatory Ly6c high monocytes, 29 it is generally accepted that the Ly6c high subset plays a greater role in atherosclerosis development over Ly6c low cells. 6, 11, 31 Here, we showed that although Chat-H expression was enriched in Ly6c low monocytes, Chat-H deficiency led to reduced atherogenesis, which associated with reduced numbers of both monocyte subsets in the aortas with a concomitant increase in the blood. In addition, Chat-H controlled the adhesion of Ly6c low as well as Ly6c high monocytes to VCAM-1, and the use of nondegradable fluorescent beads revealed reduced bead-labeled macrophages in the aorta and aortic sinus in Ldlr −/− /Chat-H −/− chimeras on high-fat diet. Our results collectively suggest that Chat-H regulates the recruitment of both monocyte subsets in a similar fashion and that both subsets contribute to atherosclerosis development consistent with the evidence cited above. 6, 10 In addition to monocytes, the recruitment of other leukocytes, such as T and B cells, was also reduced when Chat-H was deleted in all hematopoietic cells. We think that the reduction in lymphocyte numbers was because of the impaired initial recruitment of monocytes and subsequent reduced recruitment or increased emigration of other effector cell types rather than Chat-H deficiency in T and B cells. This contention is supported by our results showing that conditional deletion of Chat-H expression in myeloid cells was sufficient for atheroprotection. In addition, Chat-H deficiency had no effect on homeostatic T cell migration or under conditions of acute inflammation, as in myelin oligodendrocyte glycoprotein-induced experimental autoimmune encephalomyelitis and delayed-type hypersensitivity responses (data not shown). Moreover, Chat-H deficiency in B cells had no effect on atherosclerotic plaque development (data not shown). Thus, our observations suggest that Chat-H exerts its effects on atherosclerosis development through the monocyte population, which could be advantageous for developing therapeutic approaches to inhibit atherosclerosis without affecting the adaptive immune response.
In addition to monocytes, it was recently shown that neutrophils play a role in early atherosclerosis through hypercholesterolemia-induced neutrophilia and recruitment of neutrophils to the plaques. 26 Although Chat-H mRNA was highly enriched in BM neutrophils (Immgen Consortium), we were not able to detect expression of Chat-H at the protein level in BM or splenic neutrophils. Consequently, Chat-H deficiency did not inhibit the presence of neutrophils in the plaques of the aortic sinus or the adhesion/migration properties of these cells. Rather, in contrast to monocytes, the numbers of neutrophils in the lesions of the aortic sinus were similarly low in Ctr and Chat-H −/− chimeric mice, whereas significantly increased in the cell suspensions from the aortas when Chat-H was deleted. Based on previous evidence that neutrophil infiltration in the aorta of hypercholesterolemic mice peaks at early stages of disease development, 26 the observed increase in neutrophils may reflect a delay in the disease process in the absence of Chat-H because of reduced recruitment of monocytes. This result also suggests that the recruitment of neutrophils in atherosclerotic plaques is tightly associated with monocyte/macrophage accumulation.
Interestingly, Chat-H deficiency in Ldlr −/− mice exhibited increased numbers of circulating monocytes but reduced atherosclerotic lesions when compared with Ctr animals, whereas previous studies demonstrated a positive correlation between circulating monocyte numbers and atherogenesis. 10 Because the adhesion of Chat-H-deficient monocytes to VCAM-1 was impaired, it is possible that the increased number of circulating Ly6c high and Ly6c low monocytes was because of reduced adherence of these cells to the lesion-prone vessel wall expressing VCAM-1 and not because of a real expansion of monocytes in Chat-H −/− mice. Indeed, we found similar monocyte numbers in the BM and the spleen of the same mice, suggesting that Chat-H does not affect monocytosis and myeloipoeisis. Under inflammatory conditions, monocyte rolling and firm adhesion is strongly dependent on VCAM-1 expressed by endothelial cells and VLA-4 expressed on monocytes, 28, 35 and VLA-4 blockade has been shown to inhibit monocyte adhesion to carotid arteries. 28, 36 Although rolling is chemokine independent, the firm adhesion and subsequent extravasation rely on chemokine stimulation. Because we found that Chat-H deficiency had no effect on chemokine-induced monocyte migration but inhibited adhesion of monocytes to VCAM-1 independently of chemokine stimulation, it is possible that Chat-H regulates the early steps of leukocyte adhesion to the vessel wall through VLA-4 binding to VCAM-1. Although we previously showed that Chat-H mediated chemokine-stimulated T cell adhesion and migration through inside-out integrin activation, the results presented above suggest that in monocytes, Chat-H regulates adhesion through chemokine-independent outsidein signaling after binding of VLA-4 to VCAM1. In addition to VCAM1, other adhesion molecules, such as P-and L-selectins and intercellular adhesion molecule-1, have also been shown to regulate rolling, adhesion, and arrest of monocytes to the endothelial wall and to reduce atherosclerotic plaque size in apoE −/− mice. 37 Whether Chat-H also regulates the adhesion of monocytes to these molecules remains to be determined.
Finally, the long-standing interest in the mechanisms of monocyte recruitment to atherosclerotic plaques has identified potential targets for therapy 5, 38 including chemokinechemokine receptor axes or cellular adhesion pathways. However, direct targeting of these pathways to inhibit monocyte recruitment in atherogenesis can have a potentially negative impact on animal and human physiology. The ability of Chat-H to regulate the adhesion of monocytes but not neutrophils within the myeloid lineage, while seemingly dispensable for acute T and B cell-dependent immune responses to immunization, may provide a much needed therapeutic selectivity against atherosclerosis. Therefore, our findings identify Chat-H as a promising target to fight atherosclerosis while limiting undesired side effects.
